Numerical non-linear time domain simulation method for damaged ship motions is presented. Floodwater motion modelling is based on the lumped mass method with a moving free surface. 
Transient response of a ship to an abrupt flooding accounting for the momentum flux the inflow momentum has to be accounted for when the undivided compart-
Introduction
The loss of hull integrity of a ship leading to flooding can be a severe risk to the ship stability. The flooding process can be divided into three stages; I) transient stage, where the water starts to ingress the ship, II) progressive stage, where the flooding is more quasi-static and III) steady state, where final equilibrium angle is reached but the ship may experience roll motions due to wave excitation (Ruponen, 2007) . This study concentrates on the flooding process at the transient stage. The roll response is of particular interest, since it is the most sensitive motion component with regards to the flooding. Collision or grounding can cause a large opening on the ship hull.
In this case the flooding can be fast at the beginning. If the damage extent is not large enough, to cause immediate foundering or total loss of stability, the dynamic roll angles may still be dangerously large at the transient stage leading to capsize. An abrupt asymmetric flooding, when the obstructions in the flooded compartment slow down the cross-flooding, may cause a large roll on the damage side and even a capsize (Spouge, 1985) . The asymmetric flooding has been studied experimentally and numerically by Vredeveldt and Journée (1991) ; Journée et al. (1997) ; Santos et al. (2002) . In the experiments on the transient flooding of large open spaces (Ikeda and Ma, 2000; de Kat and van't Veer, 2001; Ikeda and Kamo, 2001; Ikeda et al., 2003; Manderbacka et al., 20xx) it has been observed that the ship may also roll first on the opposite side of the damage. The inflooding jet can push the floodwater to the opposite side and cause the first large roll on that side. In this case the flooding may be slowed down or even stopped when the opening is lifted due to the roll on the opposite side. This may lead to a different final equilibrium position. Previous studies point out the fact that the intermediate stages of flooding can vary significantly from the final equilibrium stage depending on the flooding process. This process can be complex (Khaddaj-Mallat et al., 2011) , including the inflooding jet, sloshing and viscous effects. These, in turn, are all affected by the ship motions. The ship response and the flooding process are coupled. Inflow jet transports inflooding water with momentum into the damaged ship (ITTC, 2014) . The viscous effects and wave breaking may dampen the sloshing (Bouscasse et al., 2014a,b) and affect on the progression of the flooding during the intermediate stages. Furthermore, the trapped air may slow down the flooding process (Palazzi and de Kat, 2004; Ruponen et al., 2013) . In addition to the above mentioned In order to assess the consequences of a flooding accident, water ingress and ship motions need to be simulated in time domain. Flooding simulation tools of increasing complexity can be divided into four main groups.
(1) Quasi-static methods assume horizontal water surface in flooded compartments. They are mainly aimed to simulate the progressive stage of the flooding (de Kat, 2000; van't Veer and de Kat, 2000; Santos et al., 2002; Ruponen et al., 2007; Santos and Guedes Soares, 2009; Ypma and Turner, 3 2010; Schreuder et al., 2011; Dankowski, 2012) . These numerical methods have been applied to simulate transient flooding in the asymmetric flooding cases. The roll response to the asymmetric flooding has been captured by these codes when the floodwater motions are limited due to the obstructions in the compartments. (2) Lumped mass models with a moving plane free surface Spanos and Papanikolaou, 2001; Jasionowski, 2001; Fujiwara and Haraguchi, 2005; Valanto, 2008) account for the dynamic effect of the floodwater motions by a moving point mass concentrated at the center of gravity of floodwater as presented by Zaraphonitis et al. (1997) . (3) Shallow water equation models (Dillingham, 1981; Chang and Blume, 1998; Santos and Guedes Soares, 2008; Valanto, 2008) for sloshing apply a random choice method (Glimm's method) to solve the shallow water equations in a numerical grid in the flooded compartment. Chang and Blume (1998) Gao et al. (2011) simulate the progressive flooding of the ITTC benchmark barge . They show the applicability of the VOF method to simulate the free floating ship motions. However, in this case the measured roll angles were less than 0.25 deg. Several flooding cases are simulated with CFD by Sadat-Hosseini et al. (2012) applying single-phase level set approach. In their study there were some differences with roll motion in the flooding simulation but the free surface shape was well captured. Three dimensional SPH simulation has been applied by Touzé et al. (2010) for a stationary compartment abrupt flooding. Hashimoto et al. (2013) simulate the abrupt flooding with moving particle semi-implicit method (MPS) coupled with potential flow model. Souto-Iglesias et al. (2013 discuss the consistency of the MPS method and the equivalence between the SPH and MPS methods. Number of studies cover the damage ship motions in waves. However, there is very little information on the transient flooding. In the benchmark studies of the 23rd and 24th ITTC (2002, 2005) it was noted that the detailed modelling of the coupled ship and floodwater motions should be studied more carefully. Benchmark study by the 24th ITTC (2005) compared the performance of five different codes to predict the dynamic motions of damaged ship. Participating codes included; (1) quasi-static, (2) lumped mass with a moving free surface and (3) shallow water equation methods. The lumped mass with a moving free surface methods were noted to have the best agreement with the experimental data. Later, ITTC (2008 ITTC ( , 2011 report several improvements in the codes simulating progressive flooding and damaged ship in waves. The 27th ITTC (2014) points out the importance of correct modelling of the floodwater effects on damping of roll and the inertia of floodwater entering the ship. The first three of the above mentioned categories of tools 5 apply the Bernoulli equation based hydraulic model to calculate the flooding rate through the openings. In CFD application no separate model for the flow through the opening is required. CFD methods are often proposed to solve the complicated coupled problems. Still, the required calculation times are long. The modelling of compartment spaces is cumbersome, even more so in case of complicated compartment spaces, like the ones of the cruise vessels. An effective method is needed in practice for the purpose of marine traffic safety analysis. It is important to study in which conditions the simplified methods can be applied and is it possible to extend their limits with adequate submodels. This work aims to validate the applicability of the lumped mass with moving free surface method to predict the transient response on the abrupt flooding. It concentrates on the ship motions coupled with; the inflooding jet, floodwater motions and the flow through the openings. A model accounting for the mass variation in the compartment and the in/egress momentum flux is presented. This allows for the simulation of the inflooding jet. The transient flooding cases where the inflooding jet plays an important role have not been simulated before to the authors knowledge. Damaged ship motions are simulated for the system consisting of the ship considered as a rigid body with constant inertia properties and of the lumped masses representing the water at each flooded space in the ship. Degrees of freedom for the system are dependent on the number of flooded spaces in the ship. First the equations of motion for an intact ship are presented in section 2 and then the equations for the lumped masses in section 3 and finally the combination of these into one system is presented in section 4.
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The mass in each compartment is changing due to the progression of flooding through the openings. This is modelled with hydraulic equation assuming quasi-stationary flow at the opening. The ship and lumped mass motions i.e.
sloshing are taken into account in the model for flow through the opening. Model is validated against the model test data of the transient flooding in calm water, where the flooded compartments were fully ventilated. This way the uncertainties of the wave action and the air compression were evaded. The validation cases are presented in section 5. The results of the simulations are compared with the measurement data in section 6 and they are discussed in section 7. The main conclusions are pointed out in section 8.
Model for the ship motions
Two coordinate systems shown in Figure 1 are applied, the inertial coordinate frame XYZ and the body fixed coordinate frame xyz fixed to the intact ship center of gravity cog. (around x-axis).
Equations of motion for the intact ship
General equations of motion for a rigid body are written in the ship coordinate system xyz. These equations in the vector form are (Fossen, 
2002)
where m is the ship mass, U = {u, v, w} T is the velocity of the ship, Ω = {p, q, r} T is the angular velocity of the ship, I
S is the ship rotational inertia matrix, f tot is a vector including all the external forces acting on the ship and the τ tot is a moment vector of all the external moments acting on the ship center of gravity. The above Equations 1 and 2 can be written in a matrix form as
where M S and C S (U, Ω) are the ship mass-and centripetal-mass matrices
and
where the I 3×3 and 0 3×3 are identity and zero matrices of size 3 × 3. The cross product is performed by multiplication with matrix S(·), as a
where
External forces acting on the ship
The total external force vector consists of the gravity, hydrostatic and radiation forces. Wave action is not accounted for. The gravitation force vector acting on the ship expressed in the ship fixed coordinate system as a function of the ship angular position Θ = {φ, θ, ψ}
, where the gravitation vector g(Θ) is expressed in the ship coordinate system. Ship coordinate system is located at the ship cog thus the gravity does not cause any moment to the ship. The hydrostatic forces (Matusiak, 2013) . The radiation force and moment are divided into an added mass part and a radiation-induced potential damping (Fossen, 2002; Perez, 2005 )
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The added mass part of the radiation forces and moments is dependent on the total ship acceleration including centripetal acceleration
where the added mass matrix is
and the centripetal added mass matrix dependent on the ship velocities is
Radiation induced potential damping is
where damping matrix is
When the gravity-, hydrostatic and radiation forces are plugged to the ship equation of motion (Equation 3) the equation becomes
where M and C(U, Ω) are generalized mass-and centripetal mass matrices containing the ship inertia and added mass properties.
Added mass and damping matrices are assumed to be constant during the simulation. Added mass and damping values are calculated with the linear strip method (Salvesen et al., 1970) . The applied computational code is based on the SEALOADS code presented by Meyers et al. (1975) . The added mass and damping values for each strip are calculated applying two-dimensional source distribution Frank (1967) method. Vassalos and Jasionowski (2002) show the complexity of estimating the hydrodynamic coefficients for damaged ship around high roll angles, thus constant added mass and damping values at the ship natural motion frequencies are applied. his assumption of constant added mass and damping terms neglects the effect of high roll angles and the increase in draft. The variation in the motion frequencies is also not accounted for.
Model for the flooding process
The floodwater motions are modelled with the lumped mass method with a moving free surface (Jasionowski, 2001; Spanos and Papanikolaou, 2001; Valanto, 2008) . The variation of the mass is accounted for in the model.
In the ITTC (2014) the equation of change of the momentum is written for the ship, while here the equation is written for the lumped mass. Change of the inertia due to the floodwater is coupled to the ship motions through the coupled equations of motions treated in section 4. The lumped mass model assumes a plane surface in the flooded room. Position of the lumped mass is calculated as a function of surface angle and floodwater volume in the room from the geometry of the floodwater.
The flow through the opening is modelled with the hydraulic model based 11 on Bernoulli equation. In/outflow jet i.e. the inflow momentum flux is accounted for as a force acting on the lumped mass. Energy dissipation in the motion of the floodwater due to the viscous effects is modelled as a friction force acting on the lumped mass. In the following subsections detailed descriptions of applied models for the flooding process are given.
Equation of motion for the lumped mass
The lumped mass m i is treated as a rigid point mass. Starting from the conservation of momentum, equation of translational motion for the lumped mass, written in the inertial coordinate system XYZ is
where R i is lumped mass position in the inertial coordinate system and F tot,i
is the total force acting on the lumped mass. The lumped mass position is then expressed as R i = R + r i , where r i is the lumped mass position with respect to the ship coordinate system. The time derivatives of the lumped mass position arė
where v i is lumped mass velocity with respect to the ship fixed coordinate system xyz. 
tives of
where the total force acting on the lumped mass is divided into the gravity force vector f g,i (Θ) = m i g(Θ), the inflow momentum-flux fṁ ,i and to the force ship is exerting on the lumped mass f i .
The lumped mass position is limited to a path of possible locations of floodwater center of gravity cog i ( Figure 2 ). The position of the lumped mass 
The force ship exerts on the mass depends on the model of interaction between the lumped mass and the ship. In this work the force f i acting on the lumped mass is modelled as a sum of support force and friction i.e the viscous forces or dissipative forces. Support force f n,i acts along the direction normal to the lumped mass path (Figure 2 ). Friction force f k,i acts along the tangent direction of the lump mass path
Multiplying the force vector f i by the tangent vector of the surface s
eliminates the support force and yields the scalar value of the friction force
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Energy dissipation friction model
Energy dissipation can be modelled as viscous linear damping (Silverman and Abrahamson, 1966) in equivalent mechanical models for sloshing (Dodge, 1966) . In the pendulum model for sloshing presented by Godderidge et al. (2012) linear and nonlinear dissipation models have been applied. In this work linear viscous damping model is used. The viscous forces are modelled with a friction model. Friction force vector is acting on the opposite direction of the lumped mass velocity
where δ i is friction coefficient for floodwater i.
The evaluation of the friction coefficient is based on a model for the dissipation of the energy of standing waves in rectangular rooms (Keulegan, 1959) . Viscous dissipation on the walls and the floor of a rectangular room with length l and breadth b is estimated by
frequency of the sloshing, h is the average height of the fluid in the room, µ is dynamic viscosity, ρ is the fluid density. 
Water flow through the opening
The flow through the opening is calculated using hydraulic equation. This approach has been validated by model tests for water exchange between the floodwater through non-watertight openings in a harmonic motion of the room (Manderbacka et al., 2014a) . For tall openings the flow velocity at different positions of the opening is calculated according to the pressures at these position and the flow rate obtained by integration over the opening height (Dillingham, 1981; Ruponen, 2007) . Flow through a tall opening that extends from the position A to D is calculated in parts; from the opening bottom to the lower water level AB and from the lower water level to the higher water level BC, (Figure 3 ). The pressures on both sides of the opening (p j and p i ) are evaluated at the positions A, B, C and D. If the lower water level is below the opening then B=A and if the upper level is also below the opening then C=B=A. If higher water level is above the opening then C=D and if also the lower water level is above the opening then C=B=D. Pressure at water surface is set to air pressure, here zero. This means that the model assumes fully ventilated rooms. Air flow or compressibility is not taken into account. Pressure between the positions A, B and C is assumed to vary linearly. The position at the opening is described by a variable s describing the position along the height of the opening. Flow velocity from room j into the room i at position s at the opening is evaluated by applying hydraulic equation at height s in the opening. The linear variation of the pressure difference between the positions A, B and C can be written as
The total flow rate is integrated in parts AB and BC over the opening height from the 
where b ij is the breadth of the opening and ds is an infinitesimal variation in the height along the opening. When Δp
where s 0 is the point where the sign of the Δp changes (i.e. Δp(s
Similarly, as above, for the part BC. The flow rate through the opening from room j to room i is then the sum of the flow rates at the parts AB and BC
Finally the mass variation in room i is calculated by summing up flow rate through all the openings connected to iṫ
where n i,o is the number of the openings connected to room i.
3.4. In/outflow momentum flux Momentum flux through the opening ij is integrated over the opening height s from the bottom of the opening s
A to the top of the opening s
ij ds is the mass flow through an infinitesimally high slice of opening and n ij is vector pointing from the room j into the room i (Figure 3 ) 
and similarly for the part BC. The total momentum flux through the opening ij
Finally the momentum flux to the room i is the sum of the momentum fluxes through all openings connected to the room
4. Coupled ship and floodwater model The equations of motion for the ship (Equation 13) and the for lumped mass (Equation 17) can be combined and written in a matrix form. The ship exerts a force f i to the lumped mass. The force-moment vector that the lumped mass exerts on the ship is
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The combined equations of motion are
Interaction force vector f i is eliminated from the combined equation of motion matrix rows related to the ship translational and angular motion by summing the lumped mass equation of motion on them. Finally the lumped mass equation of motion is multiplied by the tangent vector of the lumped mass path to eliminate the normal force acting on the lumped mass (see subsection 3.1). The system equation of motion can be written as
where the contribution of the floodwater is divided into the following terms; lumped mass generalized mass matrix
lumped mass centripetal mass matrix
lumped mass rate of mass change matriẋ
lumped mass gravitation force vector
21 lumped mass inflow/outflow momentum-flux force vector
where fṁ ,i is calculated accoring to the Equation 32. Lumped mass friction vector is Floodwater center of gravity is evaluated from the analytical equations as a function of volume (mass) and surface angle. The assumption of plane surface neglects the detailed effects of surface waves in the room but models the lowest natural sloshing motion close to the actual sloshing frequency (Jasionowski, 2001 ). in the ITTC benchmark study for the progressive flooding (van Walree and Papanikolaou, 2007) . In the transient flooding tests the load case and the openings were modified compared to the progressive flooding tests . Roll decay in both intact and flooded conditions was simulated.
Setup for validation cases
Simulations of roll decay in damage condition are used to validate the coupled model of ship and floodwater motions. Transient flooding cases were simulated in order to validate the models for the flooding process.
Barge geometry
Simulations for the damaged box shaped barge model shown in Figure 4a , were performed in model scale. Main particulars of the box shaped barge model are given in Table 1 x-direction are not modelled.
Simulation cases
All the cases were simulated at two different initial stabilities GM 0,1 and GM 0,2 . In the simulation the values given in Table 1 the ship rotational inertia matrix I S were set to zero. Simulations were performed for flooded undivided compartment R11 and for flooded divided compartment R21 shown in Figure 4 .
The bilge keel damping was accounted for in the calculation of the added mass and damping in frequency domain with the potential strip code. The calculated values of the added mass and damping at the natural ship motion frequencies are taken for the time domain simulation. For the heave component 44 and the heave-pitch component 35 the added mass and damping value at the heave natural frequency is applied. For the roll 44, the roll-sway 24, the sway 22 and the roll-heave 46 components the values at natural roll frequency are applied. For the pitch 55 component the value at natural pitch frequency is applied. For the other calculated components; surge 11, swayyaw 26 and yaw 66, the average values are applied. The added mass and the damping were calculated in the potential code coordinate frame located at the free water surface. They were then transferred to the ship coordinate frame where the origin is located at ship cog (Matusiak, 2013) . Transient abrupt flooding in calm water was simulated at both initial stabilities. Flooding into both compartments was simulated separately. The barge was initially set stationary to zero heel and trim angle at intact barge draft. All compartments were initially empty. Damage opening is introduced at zero time instant and flooding starts immediately. Barge is free to move in all six degrees of freedom. The correct evaluation of the hydrostatics in the simulation code was checked by comparing the GZ-curves in flooded condition against the ones calculated by NAPA software (shown in Manderbacka et al. (20xx) friction coefficients of the lumped mass motion. In addition to simulations with the friction coefficient estimated by Equation 21 the simulations were also performed without friction and with five times bigger friction factor than the estimated one. The results of roll decay in flooded condition are shown in Figure 8 for the undivided compartment R11 and in Figure 9 for the divided compartment R21.
The added mass term for roll M
The simulations with undivided compartment at higher initial stability (R11, GM 0,2 , Figure 8b ) with fill amounts of 10.0 kg and higher, agree well with the measurements. The simulated roll decay results for the divided compartment R21 at both initial stabilities (Figure 8 ) also correspond well to the measurements. The simulations for the undivided compartment at lower initial stability (R11, GM 0,1 , Figure 8a ) for the fill amounts of 15.0 kg and higher, have a longer second roll period than in the measurements. Otherwise, they decay in a same rate as in the measurements. In these above mentioned cases the friction coefficient has very little or hardly any impact.
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In the simulations for the undivided compartment R11 at the lowest two fill amounts 2.5 kg and 5.0 kg the friction coefficient affect to the simulation results. At these fill amounts, simulations with the highest friction coefficient, give the best correspondence with the measurements. 
Transient flooding
Transient flooding was simulated with two different initial stabilities GM 0,1 and GM 0,2 for undivided compartment R11 and divided compartment R21 separately. The impact of the inflow momentum flux was studied by simulating all these four cases with and without the inflow momentum flux term Equation 32. Also the impact of the friction coefficient was studied by simulating the cases without the friction, with normal friction and with five times larger friction. Simulations are compared to the measured roll and draft increase. The roll accuracy in the measurements was ±0.2 deg and accuracy in the draft increase data was ±1 mm. For the undivided compartment the floodwater mass data is also available. The data of the water mass in the measurements was estimated by integrating the tracked surface elevation (Manderbacka et al., 20xx) . The tracking of the surface from the videos was performed up to 30 seconds of the measurement record. When the inflow momentum flux is accounted for in the simulation the model rolls to the opposite side of the damage as in the measurements. For lower initial stability GM 0,1 the first roll angle to the opposite side is slightly overestimated by the simulation. Due to this overestimation the damage opening is lifted above the water surface earlier and the flooding is stopped earlier than in the experiments. In the experiments the model rolls second time on the opposite side. In the simulation, at around 10 seconds, the roll motion is slowed down, like in the experiments, but the model rolls on the damage side. The roll motion at that time instant is slower when the biggest friction coefficient is used in the simulation. At higher initial stability GM 0,2 the magnitude of the first roll angle onto the opposite side corresponds to the measured one when the inflow momentum flux is accounted for. The period of the second roll angle is somewhat longer in the simulations than in the measurements. Due to this, the simulation is not at the same phase with the measurement but the roll decay and periods after the second roll angle correspond well to the measurement results. The non-harmonic behaviour of the roll decay, with the undivided compartment R11 at low initial stability, was not totally captured by the simulation method. At lower fill amounts the friction coefficient seems to play an important role. The model for viscous dissipation at the walls does not seem to capture all the dissipation at the low fill heights. When the friction coefficient was increased the simulation agreed better with the measurements.
The friction coefficient estimated by the dissipation of a standing wave does not take into account the wave breaking on the wall or high roll angles and room bottom which is not totally covered by the floodwater. The wave breaking can have an important contribution in the dissipation of the energy as pointed out by Bouscasse et al. (2014a,b) . The damping of the floodwater motions at low fill heights requires a more elaborate model. For the higher initial stability non-harmonic behaviour of roll was not observed in the measurements and the agreement with the simulations was also good. The roll period was estimated to be slightly longer in the simulations. The sloshing frequencies in the divided compartments are higher than the ship natural roll frequency. The higher frequency floodwater motion does not affect the ship roll. In a sense, the ship system filters out higher frequencies. For the undivided compartment the sloshing frequency is close to the ship natural roll frequency at low fill amount. In this case, the ship roll motion is damped fast. At lower initial stability the total restoring moment is close to zero at a wide range of heel angle (see Figure 6 ). The roll motion takes part in a nearly labile area. The final equilibrium angle is nearly nondefined in a large range of angles. This results in a slow roll motions which are difficult to model. Small variations in the system can have big effect on the roll time history. 7.2. Transient flooding Simulation model predicts the roll response well for flooding of the divided compartment. Inflow momentum does not have big effect in this case. Flooding of the undivided compartment is qualitatively well predicted. The inflow momentum has an important effect on the undivided compartment roll response. First roll angle onto the opposite side of the damage opening is reproduced in the simulation. Highest roll angle to the damage side is also predicted well. The magnitude of the roll, roll periods and damping are well reproduced. In case of the undivided compartment there is a deviation in the second roll angle. The simplifications in the modelling of some of the phenomena can lead to this small discrepancy. Detailed surface profile is not modelled, which can be important at very shallow water cases as seen in the shallow water roll decay cases. Also the overestimation of the highest roll angle in the transient flooding case can be due to the viscous effects of the bore propagation at the beginning of the flooding and the water run-up at the opposite side (Bouscasse et al., 2014a,b) . This could be overcome by applying a model through the friction factor, which could be updated to take these effects into account. Godderidge et al. (2012) have applied an impact model in their pendulum model. The 43 shortcoming of this approach is that it requires various parameter to be defined beforehand. Furthermore, quasi-stationary flow through the opening was assumed.
At the beginning of the flooding, following the abrupt introduction of the damage opening, the flow velocity through the opening is gained immediately. Entering fluid inertia is not included in the quasi-stationary hydraulic flow model. This could be overcome by applying a model that accounts for the inertia terms. However comparing the measured and simulated floodwater volumes this does not seem to be a major issue in the modelling. Radiation forces on the ship hull were modelled with constant added mass and damping matrices, which were evaluated at the intact ship natural motion frequencies. This assumption neglects the fact that the damaged ship motions were non-harmonic in nature. The large roll angles and the increase in draft were not accounted for in the estimation of the added mass and damping. (Vassalos and Jasionowski, 2002) have shown that there can be significant difference in the hydrodynamic coefficients for damaged ship at high heel angles. However, based on this study, it remains difficult to estimate the consequences of applying constant hydrodynamic coefficients.
This remains still an important topic for future studies. In this study, the focus was on the transient roll response of the ship, concentrating on the inflooding jet, floodwater motions and the flow through the openings. The effects of the air compression and the wave action were not studied. Uncertainty in the air compression model is evaded by having the compartments fully ventilated. In reality the flooding process could be slower due to the trapped air in the compartment (Palazzi and de Kat, 2004; Ruponen et al., 2013) . The consequence of the slower flooding process to the roll can be in either direction depending on the case. To overcome this the in/outflow calculation in the presented simulation method could be extended with a method presented by Ruponen et al. (2007) .
No wave action was applied in this study. In this way, the uncertainty on the wave modelling is evaded. In reality, the ship may be subject to wave action at the event of the abrupt flooding accident. However, this would require a study of huge numbers of cases, where the time instant of damage initiation would be varied with respect to the ship and wave position. The presented method is implemented with the possibility to take the wave action into account as in Matusiak (2013) . The hull is presented with panels, thus enabling to account for the non-linear Froude-Krylov forces. The potential theory based calculation of the hydrodynamic coefficient also estimates the wave diffraction forces, which have not yet been implemented, but remains as a future work. From the point of view of modelling the consequences of a collision or grounding accident of a ship, the model captures well the flooding phenomena and the transient roll response of the ship. Model tests results were reproduced well. The scale effect on these phenomena is still unknown when extending the simulation to ship accidents. In the simulation of consequences of an accident it is important to capture the direction of the first roll angle and the maximum angle. Differences in the direction of the roll and the magnitudes in angles can lead to totally different progression of the flooding inside the ship and to a totally different final stage.
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Conclusions
The numerical non-linear time domain calculation method to simulate damage ship motions has been presented. In the method the key factors are modelled. The floodwater dynamics is based on the lumped mass method with a moving free surface. The ship and floodwater motions are fully coupled, mass variation in the flooded compartment and the inflooding momentum flux are accounted for. Simulated roll response and flooding process are compared to the model test data. The presented model does not require huge calculation resources. This allows for running a big number of simulations for the study of different factors on the flooding accident consequences. The simulation can also be performed in the real time. Following main conclusion can be drawn • Simulated roll decay of the flooded ship agrees well with the model test results. For the cases with undivided compartment at lower initial stability there is a small difference in the varying roll period and for cases with undivided compartment at higher initial stability the simulated roll period is slightly longer. Viscous dissipation at smaller fill amounts need to be taken into account. For cases with divided compartment there is a good agreement between the simulated and the measured roll time histories.
• Simulation model predicts the roll response well for flooding of the divided compartment. Inflow momentum does not have big effect in this case
• Flooding of the undivided compartment is qualitatively well predicted.
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The inflow momentum flux should be taken into account in this case.
First roll angle onto the opposite side of the damage opening is reproduced in the simulation. Highest roll angle to the damage side is also predicted. The magnitude of the roll, roll periods and damping are well reproduced.
The applicability of the lumped mass method to model the coupled ship and floodwater motions has been systematically studied. In the study it is shown that the roll decay and transient flooding are extremely well predicted for the divided compartment. When the inflow momentum is accounted for the method is capable of predicting the transient flooding cases for the undivided compartment.
